The indirect effects of changing climate in modulating trophic interactions can be as important as the direct effects of climate stressors on consumers. The success of the herbivorous juvenile stage of the crown-of-thorns starfish (COTS), Acanthaster planci, may be affected by the impacts of ocean conditions on its crustose coralline algal (CCA) food. To partition the direct effects of near future ocean acidification on juvenile COTS and indirect effects through changes in their CCA food, COTS were grown in three pH T levels (7.9, 7.8, 7.6) and fed CCA grown at similar pH levels. Consumption of CCA by COTS was bolstered when the COTS were grown in low pH and when they were fed CCA grown in low pH regardless of the pH in which the COTS were reared. COTS fed CCA grown at pH 7.6 grew fastest, but the pH/pCO 2 that the COTS were reared in had no direct effect on growth. Ocean acidification conditions decreased the C : N ratio and carbonate levels in the CCA. Bolstered growth in COTS may be driven by enhanced palatability, increased nutritive state and reduced defences of their CCA food. These results indicate that near future acidification will increase the success of early juvenile COTS and boost recruitment into the coral-eating life stage.
Introduction
Predicting the outcomes of climate change stressors for natural populations and ecosystems is complicated because these stressors can have direct and/or indirect impacts on organisms, as well as complex interactive effects [1] [2] [3] . In marine systems, one of the main climate stressors is ocean acidification: the decline in ocean pH associated with rising atmospheric CO 2 levels [4] . Ocean acidification can have complex indirect effects, evident in the alteration of predator -prey or plant -herbivore interactions [3, [5] [6] [7] . Indirect effects of acidification on food quality can influence growth, fecundity and fitness of herbivores, effects that can be more important than the direct effects of these stressors on the herbivore itself [3, 5, 6, 8, 9] . Thus, it is necessary to understand the direct effects of ocean change stressors on organisms as well as their indirect effects on trophic interactions. This is especially important for habitat-forming species such as seagrass, coralline algae and corals that form the base of heterotrophic interactions with key species [10 -13] .
Ocean acidification can alter the interactions between herbivores and plants by reducing the physical or chemical defenses of plants, or altering plants' nutritional values, thereby changing their palatability to herbivores [5] [6] [7] [8] [9] 14] . Herbivores may respond to changes in the nutritional value of their food (e.g. carbon to nitrogen ratio-C : N) by preferring to eat plants of higher nutritional value [15] or by increasing consumption of less nutritious plants to compensate for a lack of protein [16] . For example, turf-forming algae grown under near-future ocean acidification conditions have a higher nitrogen content (lower C : N ratio) and so are more palatable to gastropods [5] . For calcifying algae, the decrease in mineral saturation associated with ocean acidification results in a weaker, less calcified structure [17, 18] , making them more vulnerable to grazing by herbivores [19] [20] [21] .
We investigated the impacts of ocean acidification on the interaction between the herbivorous juvenile stage of Acanthaster planci (crown-of-thorns starfish-COTS) and its crustose coralline algal (CCA) food. CCA are important settlement sites for COTS larvae [22] , and early juvenile COTS are obligate consumers of CCA until they are large enough to feed on corals (e.g. [23, 24] ). The early juvenile stages of marine invertebrates often experience high mortality, and this can have important consequences for the maintenance of populations [25] . Understanding the way in which climate change affects the successful transition of herbivorous A. planci juveniles to the coral-eating stage is therefore crucial in predicting population outbreaks, which are responsible for widespread degradation of coral reefs [26, 27] .
In a recent study [28] , we noted that growth of herbivorous juvenile A. planci was bolstered by acidification conditions predicted for the near future ( pH 7.6, 0.4 pH units) [29] . However, it is not known if this response was due to a direct effect of treatments on the juveniles or if the result was mediated by an experimentally induced change in their CCA food. Here, we reared recently settled A. planci juveniles (approx. 3 mm diameter) and CCA in ocean acidification conditions in context with the 'business as usual scenario' for 2100 (0.3-0.4 pH unit decrease) [29] to partition the direct and indirect effects of these stressors on this ecologically important plantherbivore relationship. The juveniles were reared in three pH T levels (7.9, 7.8, 7.6) and were fed with CCA grown in the same pH levels in all combinations, creating nine treatment combinations. This design allowed us to measure the direct influence of acidification on growth and feeding of the juveniles, and the indirect influences from their CCA food. To assess potential mechanisms modulating the feeding rates of the starfish we determined the impact of acidification on the nutritional value of the CCA (total N and C : N ratio). Differences in carbonate content and calcification of CCA were also determined to assess the skeletal and structural defences that may influence the accessibility of the CCA to the COTS.
Material and methods (a) Study species, settlement and rearing
Adult A. planci were collected from the Great Barrier Reef (GBR) near Cairns, Queensland (16855 0 S,145846 0 E) and transported to Southern Cross University's National Marine Science Centre at Coffs Harbour, New South Wales (30830 0 S,153812 0 E). They were kept in flow-through aquaria at the temperature of the collection site (26 -278C; http://www.bom.gov.au/marinewaterquality/) for 2 weeks before gonads were dissected from two females and two males (20 -30 cm diameter). Ovaries were rinsed with 1 mm UV-treated filtered seawater (UV-FSW) and placed in a 10 25 M 1-methyladenine FSW solution to induce ovulation. Sperm collected from the testes of each male were stored dry and activated with seawater. Eggs and sperm were microscopically checked for quality and motility. Eggs from two females were combined in equal proportions and sperm from two males were combined in equal proportions. The eggs were then fertilized (egg to sperm ratio, 1 : 100). Larvae were reared at approximately 278C in 300 l cylindroconical tanks, supplied with 100% new UV-FSW daily. They were fed daily with tropical microalga Proteomonas sulcata ) from 48 h post-fertilization when digestive tract development was complete [30] . Brachiolaria larvae (.16 days old) were induced to settle onto settlement plates and natural rocky substrates covered in CCA in 90 l rearing containers at approximately 278C. Juveniles were used in experiments when they reached approximately 3 mm diameter (14 weeks post-settlement).
(b) Experimental treatments
To partition the indirect and direct effects of ocean acidification on early juvenile A. planci, juveniles were reared in three pH T levels (7.9, 7.8 and 7.6) and fed CCA previously grown for more than 4 weeks in the same pH levels in all combinations (3 pH levels juveniles Â 3 pH levels CCA ¼ 9 treatments). There were seven replicates per treatment, consisting of 150 ml plastic rearing containers with a mesh (75 mm) covered window as an overflow that maintained 80 ml of seawater. Replicates were supplied flow-through seawater (6 ml min
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) from a flow-through seawater system. UV-treated and filtered (5 mm) seawater was manipulated to the required treatment conditions in aerated 60 l header tanks using automatic CO 2 injection systems and vortex mixers (Tunze), which inject pure CO 2 and have an automatic solenoid valve to shut off the flow of CO 2 when the desired pH level is reached. The seawater then passed to 15 l header tanks where it was heated to 308C using an automatic temperature controller (Tunze) and aquarium heaters (300 W Eheim Jager). The treated seawater was then supplied to replicates via an irrigation dripper system. The pH and temperature of the water was calibrated against the conditions in the rearing containers. The 308C temperature level was used as this reflects the temperature in the northern GBR in late summer (JanuaryMarch; eReefs: http://ereefs.org.au/ereefs) when recently settled juvenile COTS would be expected to be present.
Each replicate contained one juvenile A. planci and one CCA covered plate (3 Â 4 cm, approximately 100% coverage). CCA plates were cut from polycarbonate settlement plates initially cultured in an outdoor raceway under ambient conditions for 1 year to obtain a cover of CCA. Prior to the experiment, CCA plates were preconditioned in pH T 7.9, 7.7 and 7.6 for 4 weeks in 500 ml containers in the previously described seawater system (electronic supplementary material, S1). Juvenile A. planci were placed directly into the treatment conditions and allowed to acclimate for 1 week before the experiment commenced. During the experiment, the plates were replaced twice a week to ensure the quality of CCA was maintained and the juveniles were able to feed ad libitum.
Temperature, pH and salinity in rearing containers from all treatments were measured daily using a Hach HQ40d multicontroller, a Hach CDC101 conductivity probe and a Hach PHC101 temperature compensated pH probe calibrated with high precision buffers (Oakton), and a Tris seawater buffer to calculate pH T [31] (electronic supplementary material, S1). Dissolved oxygen was measured regularly with a Hach LDO101 probe and was always .95%. Daily water samples (200 ml) were filtered (0.45 mm) and fixed with 10 ml of saturated HgCl 2 to determine total alkalinity (A T ) by potentiometric titration (Metrohm 888 Titrando) using certified reference standards [31] . The partial pressure of dissolved CO 2 ( pCO 2 ) and calcite saturation states (V Calcite ) were calculated in CO2SYS [32] using the dissociation constants of Mehrbach et al. [33] as refitted by Dickson & Millero [34] , Dickson dissociation constants for KHSO 4 [35] , and measurements of salinity, temperature, pH T and A T (electronic supplementary material, S1).
(c) Consumption and growth
To measure the amount of CCA consumed by the juveniles, CCA plates were photographed with a Lumix camera (Panasonic rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20170778 DMC-FT 10) when the plates were replaced. The area of the feeding scars on the plates (figure 1a) was measured from the photographs using IMAGEJ image analysis software [36] . The cumulative total area of CCA (mm 2 ) consumed in each replicate after 6 weeks was used as data points for analysis.
To assess juvenile growth, diameter and area were measured weekly. Juveniles were photographed in a small Petri dish with experimental seawater, aboral side up, and flat to the plane of focus using an Olympus DP26 camera mounted on a stereo microscope. IMAGEJ was used to measure diameter and area from photographs (figure 1b,c). The number of arms was also recorded. There were no differences in the initial area (analysis of variance (ANOVA), F At the end of the experiment (6 weeks), diameter measurements were used to calculate linear growth rates (LGRs), and area measurements were used to calculate specific growth rates (SGRs), using standard formulae [37] .
LGR and SGR calculated for each replicate were used as data points for statistical analyses.
(d) Calcification of CCA Calcification of CCA in closed container incubations was determined using the 'alkalinity anomaly technique' [38] . CCA plates (120 mm 2 ) that had been conditioned in the three pH treatments were labelled and photographed to determine the total area of CCA using IMAGEJ. Each CCA plate was placed in a 32 ml watertight vial filled with their respective experimental seawater treatments and incubated for 24 h. There were five replicates per treatment. The containers with CCA plates were given the same experimental light intensity and temperature as the CCA plates used in feeding experiments. Autogenic controls without CCA (n ¼ 5 per treatment) were exposed to similar conditions. The A T of seawater was measured at the beginning and end of the incubation, and these data were used to estimate calcium carbonate production by the CCA using the equation
where DCaCO 3 is the rate of CaCO 3 production of CCA (mmol h (e) Nutritional value of CCA To determine the nutritional value of CCA grown in each pH treatment (n ¼ 4 per treatment) for 6 weeks, samples were dried, removed from plates using a scalpel and ground to fine powder for analyses. 1 g sample was used for individual measurements of total nitrogen (%N), total carbon (%C) and organic carbon content using a LECO TruMac CNS Analyser (LECO Corporation, USA). The C : N ratio was calculated from the measures of total C and total N content. The inorganic (carbonate) carbon content of CCA was determined from the difference between total C and the organic carbon contents measured.
(f ) Statistical analysis graphically. The assumption of homogeneity of regression slopes was tested using the 'custom model' routine [39] . Post hoc Bonferroni-corrected values were used to determine differences among treatments, with significance levels taken as p , 0.05. Data for growth rate (diameter) and number of arms were analysed with a two-way ANOVA, with pH of CCA and pH of juveniles as fixed factors. Data for calcification, %N, C : N ratio and inorganic carbon content of the CCA were analysed with a one-way ANOVA, with pH as a fixed factor. Analyses were conducted using the PERMANOVA routine of Primer 6 with PERMANOVAþextension (v. 6.1.11). Assumptions of normality and heterogeneity of variance were checked graphically [40] . Post hoc pairwise tests were used to determine differences among treatments, with significance levels taken as p , 0.05.
Results (a) Effects of pH on consumption
The amount of CCA consumed by juveniles was influenced by the pH/pCO 2 conditions that they were reared in and by the pH/pCO 2 in which their CCA food was grown (ANCOVA, Juv: F 2,51 ¼ 3.81, p , 0.03; CCA: F 2,51 ¼ 5.62, p , 0.01; figure 2 ; electronic supplementary material, S2). There was no interaction between these factors (Juv Â CCA: figure 2 ). Juveniles reared in pH 7.6 ate more compared to those reared in pH 7.8 and control pH 7.9, regardless of the pH in which the CCA was grown (figure 2). There were no differences in feeding of juveniles reared in pH 7.8 and control pH 7.9, or pH 7.8 and pH 7.6 conditions ( post hoc comparisons: 7.9 ¼ 7.8 , 7.8 ¼ 7.6; figure 2). Regardless of the pH in which they were reared, the juveniles ate more CCA that was grown at pH 7.6 than CCA grown at pH 7.8 and control pH 7.9 ( post hoc comparisons: 7.9 ¼ 7.8 , 7.6; figure 2).
(b) Effects of pH on growth of juveniles
Linear growth rates (diameter) of juveniles were influenced by the pH/pCO 2 in which their CCA food was grown but not by the pH/pCO 2 in which they were reared (ANOVA, Juv: F 2,52 ¼ 0.17, p ¼ 0.84; CCA: F 2,52 ¼ 4.02, p , 0.022; figure 3a ; electronic supplementary material, S2). Juveniles fed with CCA grown at pH 7.6 grew faster than those that were fed with CCA grown at pH 7.8 and control pH 7.9, which were not significantly different (post hoc pairwise comparisons: 7.9 ¼ 7.8 , 7.6, p , 0.001; figure 3a).
Specific growth rates (area) of juveniles were influenced by the pH/pCO 2 in which their CCA food was grown but not by the pH/pCO 2 in which they were reared (ANCOVA, Juv: F 2,51 ¼ 1.41, p ¼ 0.26; CCA: F 2,51 ¼ 4.00, p , 0.022; figure 3b ; electronic supplementary material, S2). Juveniles fed with CCA grown at pH 7.6 grew faster than those that were fed with CCA grown at pH 7.8 and control pH 7.9, which were not significantly different (post hoc pairwise comparisons: 7.9 ¼ 7.8 , 7.6, p , 0.001; figure 3b) .
There was no effect of pH/pCO 2 rearing conditions or source of CCA food on the number of arms possessed by juveniles after 6 weeks (electronic supplementary material, S2).
(c) Effects of pH on calcification and nutritional value of CCA Figure 2 . Consumption of CCA by juvenile A. planci reared in three pH conditions over 6 weeks. CCA was preconditioned in three pH levels for four weeks prior to being provided to the juvenile A. planci in all combinations (three A. planci pH levels Â three CCA pH levels ¼ nine treatments). Consumption was a sum of the area (mm 2 ) of CCA eaten by the juveniles over 6 weeks. Data are means + s.e. n ¼ 7, except for the juv. 7.8/CCA 7.8 treatment and juv. 7.6/CCA 7.8 treatment where n ¼ 6. Figure 3 . Growth of juvenile A. planci reared in three pH conditions for 6 weeks and fed CCA grown in three pH levels, in all combinations (three A. planci pH levels Â three CCA pH levels ¼ nine treatments). (a) Linear growth rate (LGR). (b) Specific growth rate (SGR). CCA was preconditioned in the three pH levels for 4 weeks prior to being provided to the juvenile A. planci. Data are means + s.e. n ¼ 7, except for the juv. 7.8/CCA 7.8 treatment and juv. 7.6/CCA 7.8 treatment where n ¼ 6.
rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20170778 control pH 7.9 and pH 7.8, but this was not significant (ANOVA, pH: F 2,12 ¼ 3.04, p ¼ 0.074; figure 4) .
The %N in the CCA was dependent on the pH/pCO 2 conditions in which they were grown (ANOVA, pH: F 2,9 ¼ 7.66, p , 0.014; figure 5a). The %N was lower in CCA grown at control pH 7.9 than CCA grown at pH 7.8 and 7.6, which were not significantly different ( post hoc pairwise comparisons: 7.9 , 7.8 ¼ 7.6; figure 5a). The C : N ratio of CCA was dependent on the pH/pCO 2 that they were grown in (ANOVA, pH: F 2,9 ¼ 10.14, p , 0.008; figure 5b). The C : N ratio was higher in CCA grown at control pH 7.9 than at pH 7.8 and pH 7.6, which were not significantly different ( post hoc pairwise comparisons: 7.9 . 7.8 ¼ 7.6; figure 5b). The level of carbonate in CCA was dependent on the pH/pCO 2 that they were grown in (ANOVA, F 2,9 ¼ 12.33 p , 0.001; figure 5c). Carbonate levels were higher in CCA grown at control pH 7.9 than in pH 7.8 and pH 7.6, which were not significantly different ( post hoc pairwise comparisons: 7.9 . 7.8 ¼ 7.6, p , 0.001; figure 5c).
Discussion
Predicting the responses of organisms to climate change is complicated because indirect effects of these stressors on trophic and other ecological interactions can outweigh direct effects [1] [2] [3] . In this study we show that the indirect effects of ocean acidification on feeding and growth of the herbivorous juvenile stage of A. planci are greater than the direct effects of this stressor on the starfish itself. The increased feeding rates of juveniles reared in near-future ocean acidification conditions were largely driven by the indirect effects of this stressor on their CCA food. It appears that the CCA was easier to consume and/or more palatable when it was grown at low pH. The CCA had lower carbonate levels at low pH, indicating a weakening of its calcareous skeleton, and the algae also had a higher nutritional value (higher total N and lower C : N). These changes are likely to have driven enhanced juvenile growth when they were fed CCA grown at low pH. These results highlight that assessment of indirect inter-species interactions is necessary in determining organism responses to climate change [1] [2] [3] . Given the influence of CCA in determining the successful transition of early herbivorous juveniles into corallivorous adults, our findings have important implications for the prediction of population outbreaks of COTS in the future.
In addition to the indirect effects of low pH on CCA as a food source, feeding rates of A. planci juveniles also increased as a direct response to being reared in ocean acidification conditions, as reported in a previous study [28] . This increase in feeding rate may be due to the direct effect of increased pCO 2 on the physiology of the juveniles. Mild physiological hypercapnia increases metabolic rate in bivalves and echinoids, which in some cases is associated with increased feeding rates [41] [42] [43] (but see [44] ). Similarly, juveniles of the predatory sea star Pisaster ochraceus increased their feeding rate when maintained in ocean acidification conditions, but this was not correlated with an increase in size [45] . Increased consumption by some coral species under acidic conditions has also been recorded [12, 46] . In addition to the direct effect on metabolism, increased growth and feeding of A. planci juveniles in Kamya et al. [28] was probably influenced by changes in their CCA food.
The capacity of climate change stressors to affect the palatability or accessibility of prey items for both grazers and predators is increasingly recognized, and these indirect rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20170778 effects challenge our understanding of how consumers will be impacted by climate change stressors and the potential flow-on effects for ecosystems [1, 3, [5] [6] [7] . We found herbivorous A. planci juveniles ate more CCA when this alga had been grown at low pH, and this result was independent of the pH at which the juveniles were reared. Similar increases in consumption due to the indirect influence of ocean acidification on CCA ( pCO 2 830 matm/pH 7.8) was also seen for the sea urchin Echinothrix diadema [19] . Increased palatability of non-calcifying algae grown under low pH conditions ( pH 7.6) increases feeding in amphipods and some gastropods [5, 7, 9, 20] , but not isopods [47] . When pH was combined with temperature, increased feeding rates of the amphipod Peramphithoe parmerong were associated with increased palatability of algae grown at increased temperature (þ38C above ambient) and acidification ( pH 7.6) [6] . It is evident that the palatability of algae reared in ocean change conditions to herbivores varies with respect to species-specific responses of algae as well as the consumers [7] . Similar variation in response to atmospheric CO 2 is seen among terrestrial herbivore guilds and plants [48] . Herbivores are often nitrogen limited, so carbon-tonitrogen ratios and/or total nitrogen content is a key indicator of the nutritive values of plant tissue for herbivores, and can drive feeding preferences and consumption rates [49, 50] . The CCA grown in low pH conditions had a reduced C : N ratio, and increased %N, changes that may have stimulated increased feeding and resulted in higher growth in the A. planci. Changes in the C : N ratio in algae grown in ocean change conditions and the indirect influence of theses change on herbivores have been assessed for a number of macroalgae with varying responses by herbivores [5, 6, 8, 51] . Similar to our study, a reduction of the C : N ratio due to increased %N content of turf algae under low pH conditions promoted increased feeding in gastropods [5, 8] , but not isopods [47] . For amphipods, changes in the nutritional values of macroalgae grown under low pH conditions do not explain differences in feeding rates [6, 7] .
Structural defences of algae that deter herbivores are also important to plant -herbivore relationships [17, 19, 52, 53] . For the CCA reared here, carbonate levels and associated skeletal defences were reduced at pH 7.6, as reported for several CCA species [19, 53, 54] . The vulnerability of CCA to dissolution under ocean acidification conditions is suggested to be due to their high Mg-calcite skeleton [10,17,19,21,55 -57] . Dissolution of CCA under ocean acidification conditions is also likely to reduce the effectiveness of carbonate defences against herbivory [14, 53, 57, 58] .
The mechanisms driving the negative effects of ocean acidification on CCA are not well understood but are likely to be broad ranging, including reduced calcification [59] , increased dissolution rates [56] , reduced growth [17] , surface damage [56] , cell damage [60] and structural damage [17] . However, several studies show that some CCA species in future acidification conditions maintained carbonate structures [61] and increased calcification [53, 56, 62] . When acidification is combined with increased warming, calcification by CCA is reduced in some species [10, 19, 56, 57] and increased in others [56, 62] , a variability that may be influenced by light intensity [57] . Reductions in calcium carbonate content under ocean acidification conditions also occur in other calcifying algae (e.g. Halimeda spp.), possibly driving an increased feeding preference for these macroalgae by herbivores [20] .
Overall the reduction in the structural defences of CCA at low pH levels, whether by reduced calcification or dissolution, may have contributed to higher feeding rates of A. planci juveniles, as shown for a sea urchin [19] . The energy required for feeding by the juveniles on the CCA may have been lower in the CCA grown at low pH due to lower structural defence. Feeding costs can impact other energetic processes such as growth, reproduction and calcification, which ultimately determines organism success [25, 63] . Shifts in energy budgets and costs for feeding are reported in other invertebrates in response to ocean acidification [43, 64] .
Elevated CO 2 in terrestrial systems often increase plant C : N ratios. Depending on both the herbivore and the plant species, increased C : N ratio leads to increased individual herbivore consumption rates, but often also reduces the fitness of the herbivore as total dietary intake of protein and/or amino acids is reduced [48, 65] . By contrast, we found increased feeding was coupled with increased growth of A. planci juveniles. This may be influenced by a pH-induced increase in %N of the CCA, which should support enhanced growth and reproduction of herbivores [49, 50] . Feeding rates of amphipods were also highest when fed algae grown in pH 7.6, but this did not translate into increased absorption efficiency and therefore had no effect on growth rates [9, 66] . For juvenile sea star P. ochraceus fed bivalves, faster growth rates were observed in the juveniles reared at pH 7.79 or 7.82 [45] . A potential indirect influence on the bivalve food source seems unlikely as increased growth of P. ochraceus was not correlated with feeding rates [45] .
Our experiments used stable pH/pCO 2 conditions that are predicted for waters whose carbonate chemistry may be relatively unaffected by biological activity. While we do not know the conditions that juvenile COTS experience in nature, the day -night fluctuations in pCO 2 with dominance of photosynthesis during the day (decreasing pCO 2 ) and respiration at night (increasing pCO 2 ) on coral reefs [67] will influence the outcome for coral reefs ecosystems in a changing ocean [68, 69] . For coral recruits, diel pCO 2 oscillations reduced the local negative effects of acidification on calcification [68, 69] , and the same may apply to calcification in COTS and their CCA food.
The early herbivorous stage of A. planci is highly dependent on CCA. The abundance of several tropical reef-building CCA species is expected to decline with increased temperature and acidification [10, 57] , and low abundance of CCA may ultimately become a limiting factor for the success of this starfish. However, some CCA species exhibit increased calcification under moderate levels of acidification and maintain skeletal mineralogy [54, 61] . Thus the outcomes for settlement success and the early post-larval stages of A. planci are hard to predict. In the near term, however, the increased success of juvenile A. planci due to alteration of its CCA food has the potential to increase recruitment into the corallivorous stage, which in outbreaking populations is responsible for widespread damage of coral reefs.
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